We have designed a highly specific inhibitor of calpain by mimicking a natural protein−protein interaction between calpain and its endogenous inhibitor calpastatin. To enable this goal we established a new method of stabilizing an α-helix in a small peptide by screening 24 commercially available cross-linkers for successful cysteine alkylation in a model peptide sequence. The effects of cross-linking on the α-helicity of selected peptides were examined by CD and NMR spectroscopy, and revealed structurally rigid cross-linkers to be the best at stabilizing α-helices. We applied this strategy to the design of inhibitors of calpain that are based on calpastatin, an intrinsically unstable polypeptide that becomes structured upon binding to the enzyme. A two-turn α-helix that binds proximal to the active site cleft was stabilized, resulting in a potent and selective inhibitor for calpain. We further expanded the utility of this inhibitor by developing irreversible calpain family activitybased probes (ABPs), which retained the specificity of the stabilized helical inhibitor. We believe the inhibitor and ABPs will be useful for future investigation of calpains, while the cross-linking technique will enable exploration of other protein−protein interactions.
INTRODUCTION
The primary goal of this work was to design and synthesize α-helical inhibitors as well as activity-based probes of human calpain, a calcium-regulated cysteine protease involved in a myriad of normal and pathological biological processes. 1−12 Although there has been considerable interest in the design of α-helical peptides for the study of protein−protein/receptor− ligand interactions and drug design, to our knowledge, there has been no work to date investigating α-helices as protease inhibitors.
Inhibitor design for this class of enzyme has historically focused on the use of peptidomimetics that fit into the active site cleft in a substrate-like manner and utilize covalent, reversible, or irreversible reactive groups to react with the active site cysteine. 13−20 The problems with this approach are twofold: (1) the papain superfamily has a highly conserved active site cleft, which complicates identification of peptidomimetic side chains that differentially bind to individual enzymes, and (2) small peptides do not bind well to calpains.
To overcome this problem we took inspiration from the recent cocrystal structure of calpain with its endogenous protein inhibitor, calpastatin, and from calpain inhibitors containing constrained scaffolds or macrocycles. 21−25 Calpastatin is unstructured in solution; however, upon binding to active calpain it drapes across the entire protein and undergoes structural rearrangements to form three α-helices that contact three different domains of the enzyme. One of these α-helices binds adjacent to the prime side of the active site cleft ( Figure  1 ), forming a number of energetically favorable interactions between apolar side chains that become buried upon complex formation. We therefore hypothesized that this α-helical motif would provide increased specificity via its unique binding mode since the helix avoids the highly conserved region of the active site while still inhibiting substrate access to the active site cleft.
This two-turn α-helix represents a 10-residue peptide. Previous work indicated that small peptides were poor inhibitors of calpains. 26, 27 We corroborated this idea by determining that the minimal calpastatin fragment peptide that formed the two-turn α-helix (IPPKYRELLA) did not inhibit calpain (K i > 100 μM). We reasoned that the entropic cost of forming an α-helix from a random coil limited the ability of small peptides to inhibit the enzyme; thus, we decided to design a stabilized version of this peptide to minimize unfavorable conformational entropy.
Several strategies have previously been developed for α-helix stabilization involving main-or side-chain modifications including disulfide bond formation, 28−30 hydrogen bond surrogates, 31, 32 ring-closing metathesis, 33−36 cysteine alkylation using α-haloacetamide derivatives 37 or biaryl halides, 38 lactam ring formation, 39−45 hydrazone linkage, 46 oxime linkage, 47 metal chelation, 48, 49 and "click" chemistry. 50, 51 Of the different methods used to stabilize these structures, the inclusion of a semi-rigid cross-linker 52−60 has been particularly successful and is explored herein.
RESULTS AND DISCUSSION
2.1. Design of Template-Constrained Cyclic Peptides Stabilizing an α-Helix Conformation. Peptides are intrinsically flexible chains, which rapidly interconvert among a large ensemble of conformations, including canonical secondary structures (helices, reversed turns, β-hairpins, etc.). Generally, only one of these conformations is required to bind a given receptor/enzyme, and very large changes in affinity (>10 4 ) can be realized by simply restricting the structure to a single conformational state.
We were particularly interested in conformational restriction via cysteine alkylation 61−64 for its chemical stability, selectivity, cost effectiveness, and ease of introduction via standard mutagenesis into recombinantly expressed peptides or proteins or by solid-phase peptide synthesis. Importantly, a number of structurally diverse thiol reactive cross-linkers are also commercially available. Thus, we envisioned that the bioactive conformation of a given peptide could be stabilized by identification of the optimal cysteine cross-linker from screening a library of cross-linkers on a peptide with two cysteines anchored in appropriate positions. We refer to α-helical peptides stabilized in this manner as template-constrained peptides.
Figure 2 (left) shows the fundamental concept of templateconstrained cyclic peptides, in this case accomplished via side chain-to-side chain cyclizations. To do this, a pair of cysteine residues is installed at appropriate positions in order to stabilize a local conformation. Here, we placed the cysteine residues at i, i + 4 positions, because this spacing brings two thioether residues into proximity when in the α-helix. In a series of parallel reactions we react the peptide with an indexed array of different cross-linking agents. Bis-alkylators with sufficient reactivity to alkylate thiols will cleanly form cyclic peptides, if the macrocycle can be formed in a low-energy conformation that matches one of the low-energy conformations of the peptide. For example, a meta xylyl group, which matches the inter-thiol distance of the cysteine side chains when in an α-helical conformation, should stabilize this helical structure. By contrast, the much longer length of the 4,4′-biphenylmethyl group would not be consistent with the α-helical conformation and would instead favor formation of a more extended conformation. Thus, depending on the template, it should be possible to stabilize any one of a number of conformations.
We use a kinetic "selection of the fittest" method, to screen for only those linkers that help select stable, low-energy conformations over more strained conformations. The kinetic scheme for cyclization requires two steps (Figure 2 , right): The first step involves the second-order alkylation of the dithiolpeptide, which depends on the concentration of both the alkylating agent and the peptide (rate 1 = k 1 [peptide (SH)2 ] - [alkylator] ). The rate of this reaction depends on the chemical nature of the alkylator, but the first approximation is largely independent of the peptide structure, which is largely in a random coil in the linear form. Once monoalkylated, the second-order process of reacting with a second equivalent of the alkylating agent (rate 2 = k 2 [peptide (SH)1 ][alkylator]) will compete with the desired first-order cyclization process (rate 3 = k 3 [peptide (SH)1 ]). (Solvolysis reactions of the monoalkylated product also compete with cyclization.) The cyclization reaction depends on the ability of the peptide to reach a Figure 1 . X-ray crystal structure of the calpain 2−calpastatin complex (PDB ID: 3BOW). Key residues on the inhibitor, calpastatin, (purple) and calpain-2 (black) are labeled. stable, strain-free conformation as it enters the transition state for cyclization, which we presume is geometrically similar to the product for large macrocyclic rings such as those formed here. Thus, the ratio of bis-alkylated to monoalkylated compound provides a quantitative measure of the ease of cyclization that is dependent on the conformation of the cyclic form of the peptide. Bis-alkylation is dependent on the concentration of the peptide, while cyclization is independent of this parameter; therefore, it is possible to select for the most efficient crosslinkers by simply running the reaction at a fixed peptide concentration with increasing concentrations of bis-alkylators and examining the product distribution by mass spectrometry.
In summary, the current method of template-constrained thioether cyclization involves several steps: (1) Screening for cross-linking agents with appropriate reactivity and ability to form cyclic products under favorable conditions with nearly equimolar amounts of peptide and bis-alkylator. (2) Examining bis-alkylator "hits" with increased stringency, using higher molar concentrations of alkylators in large excess of the peptide. This step should provide template-constrained peptides with relatively strain-free conformations. (3) Testing the templateconstrained peptides to determine which have been stabilized in the appropriate conformation. This can easily be accomplished by circular dichroism (CD) spectroscopy for an α-helix. (4) Finally, determining the impact of stabilizing the helix on the ability of the peptide to bind to a protein known to recognize the sequence in a helical conformation.
To explore template-constrained cyclization to stabilize α-helices in aqueous solution, we used the model peptide 1 (sequence: Ac-YGGEAAREACARECAARE-CONH 2 ) which was similar to the FK-4 peptide previously described (Table S1 Supporting Information). 65 The model peptide exhibited a low to moderate level of helicity without any stabilization.
We screened twenty-four cross-linkers for cys-thioether macrocyclizations. The cross-linkers included alkyl bromides c1−c6, c12, and c13, alkyl iodides c7−c11, benzyl bromides c14−c20, allyl bromide c21, maleimides c22 and c23 and an electrophilic difluorobenzene c24 (Scheme 1). The initial screening reaction was performed in a 96-well plate format to identify cross-linkers that react with cysteine thiols under mild conditions (bicarbonate buffer, pH = 7.5 to 8.0) at room temperature. The crude reaction mixture was analyzed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry to identify any cross-linker that was a "hit". Additional high performance liquid chromatography (HPLC) profiling can characterize product distribution.
Product distribution was analyzed using MALDI-TOF and revealed that cysteine alkylation did not occur when simple alkyl halides c1−c12 were used; only intramolecular disulfide bond formation due to oxidation was observed to occur. 66 Even when the leaving group was changed from bromide to the more reactive iodide c7−c11 alkylation reactions failed under these aqueous conditions. The cross-linking reaction with 1,4-dibromo 2,3-butanedione c13 produced a complex mixture of products. Cross-linking reactions with the maleimide crosslinkers c22, c23 also resulted in a mixture of epimeric products that were further complicated by hydrolysis of the imide (Figure S1 Supporting Information). Reactions using 1,5-difluoro-2,4-dinitrobenzene c24 resulted in a similar complex mixture of products. For the biaryl derivatives c17, c18, predominantly unreacted peptide was detected (MALDI-TOF and HPLC) accompanied by traces of the desired, cyclized product (Figures S1 and S2 Supporting Information).
The cleanest macrocyclization resulted from the reaction 67, 68 with benzylic/allylic halides c14−c16 and c19−c21, which provided the major peak of the cyclization product as seen by MALDI-TOF and HPLC trace analysis (Figures S1 and S2 Supporting Information). We then tested the cross-linker "hits" c14−c16 and c19−c21 under the conditions designed to increase the rate of bis-alkylation over cyclization (by increasing the concentrations of alkylating agent and peptide in solution). HPLC analysis of the "selection of the fittest" showed that the 1,3-bis(bromomethyl) benzene (α,α′-dibromo-m-xylene) crosslinker c15 and 2,6-bis(bromomethyl)pyridine cross-linker c20 gave the cleanest formation of the desired macrocycle ( Figure  S3 Supporting Information). By contrast, cross-linking with allyl cross-linker c21 produced multiple peaks. It is interesting that the m-xylene cross-linker c15 was most successful crosslinker out of the three α,α′-dibromoxylenes c14−c16, considering that all the three alkylating agents have relatively different reactivity profiles (ortho > meta > para).
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We next evaluated the CD spectra of these selected template constrained cyclic peptides to determine the effect of the template on their coil−helix equilibria ( Figure 3 ). The determination of secondary structure was complicated somewhat by the fact that the spectra are generally interpreted using the intensity of θ 222 , which requires knowledge of the concentration, 69 generally by measuring the absorbance of an N-terminal Tyr residue. Some of our linkers contain aromatic groups that could absorb at 278 nm and complicate concentration determination. Therefore, we use dry weight to estimate the concentration, which results up to a 25% error in concentration determination (assessed by comparing gravimetric versus spectrophotometric determination of peptides containing Tyr chromophores and lacking other groups). Because θ 222 is not accurately measured, we therefore interpret the data largely based on the shape of the spectra, particularly the ratio of the peak shape and relative intensities of the two exciton-coupled π−π′ bands at 190 and 208 nm relative to that of the n−π′ band near 222 nm. 70 The three xylene-based crosslinkers c14-c16 all showed an increase of the helicity in the CD spectroscopy analysis. Notably, the m-xylene based cross-linker c15 showed the most increase in helicity followed by o-xylene c14 and finally p-xylene c16.
Interestingly, the CD spectrum of the cross-linked peptides by cross-linkers c17 and c21 showed some structural differences from those seen using the xylene cross-linkers. As expected, the 4,4′-biphenyl (c17) cross-linked peptide showed little helicity, likely due to destabilization of the α-helix and stabilization of an extended conformation of the peptide because the end-to-end length of the biphenyl template is much longer than the typical α-helix pitch. Likewise, peptide crosslinked with the butenyl derivative c21 showed a CD spectrum with a deep minimum near 200 nm, similar to that of the random coil (Figure 3 ). It would be interesting to test whether this peptide, after the reduction of the double bond, could stabilize a 3 10 helix as shown in the Grubbs's work. 35 This crosslinker could be an alternative to ring-closing metathesis (RCM) stapling and subsequent double bond reduction strategy.
Heterocyclic templates were also capable of stabilizing the α-helix. 2,3-Quinoxaline c19 and 2,6-pyridine c20 cross-linked peptides showed CD spectra similar to those of the o-xylene c14 and m-xylene c15 cross-linked peptides (Figure 3) .
NMR spectroscopy experiments demonstrate that the cyclic template restraint strongly stabilized the helical conformation within the macrocyclic ring, and that the helix extended toward the C-terminus of the peptide (Figure 4 ). Typical stepwise NH(i)/NH(i + 1) NOE connections were observed from the first residue to the last residue, which are indicative of a helical conformation. Closer inspection showed that the cross-peak intensity became stronger after the residue 6, suggesting that the cross-linked region in the helix was more organized than frayed region of the N-terminus, which included two glycines. Furthermore, 3 J NH−HA coupling was evaluated by the INFIT (inverse Fourier transformation of in-phase multiplets) procedure. 71 The J coupling constant is a good indicator of secondary structure. It is generally averaged to ∼7 Hz if the residue is in a random coil or in equilibrium between different structures. It is less than 6 Hz if it is in α-helical structure and is larger than 8 Hz if the secondary structure is a β-sheet. Our J coupling constant was mostly below 6 Hz, suggesting an α- Cysteine locations were chosen by both visual inspection and virtual alanine scanning mutagenesis (Table S2 Supporting Information) so as not to disturb key interactions at the protein-helix interface, which includes Pro51 (inhibitor) ring stacking against Trp288 (calpain) and Tyr54 (inhibitor) Hbonding to His169 (calpain) as shown in Figure 1 .
Next, the difference in structural changes as a result of cysteine cross-linking was examined via CD spectroscopy 72 ⌈⌉ denotes the m-xylyl c15 cross-linking between the cysteines.
( Figure 6) . 69, 73 The helical content of the un-cross-linked peptides was low in the absence of added trifluoroethanol (TFE), so the experiments were conducted in the presence of 40% TFE. 74 CD analysis revealed a clear trend whereby all unlinked peptides showed little secondary structure, while the cross-linked peptides demonstrated varying degrees of α-helicity. Peptide 3c showed the greatest helicity after crosslinking, followed by 3b, while 3a showed negligible helicity after cross-linking. The lack of increased helicity for 3a may be due to the fact that it lacks the proline that is frequently found as an helix initiator of an α-helix. 75 A possible salt bridge between the glutamic acid and lysine may also be enhancing helical content in 3c.
76−78 Thus, we believe that the primary sequence of the peptide as well as the cross-linker can influence the final helical content of the product peptide.
The inhibitors, both cross-linked and un-cross-linked, were tested for their ability to inhibit calpain-1 ( Table 1, Figures S7 and S9 Supporting Information). No appreciable inhibition (K i >100 μM) of calpain-1 was observed for the un-cross-linked peptides 3a−c. These results corroborate previous reports stating that the minimum length of a standard calpastatin derived peptide needed to achieve reasonable calpain inhibition is 27 amino acids long. 79 However, the cross-linked peptide, 3c, which is only 10 amino acids long, showed good inhibition of calpain-1 in the low micromolar range (Table 1, Figure S9 Supporting Information). Furthermore, a trend relating higher helical content (Figure 6 ) positively correlated with better inhibition of calpain-1 (Table 1 ). This trend is likely directly related to helical content stabilized by the cross-linker c15, although it is also possible that the cross-linker itself could contribute to enzyme recognition of the inhibitor.
Kinetic studies were then performed to understand the mechanism of 3c inhibition of calpain-1; standard Michaelis− Menten and Lineweaver−Burke analysis showed that 3c behaved as a competitive inhibitor (Figure 7 , Figure S10 and Table S4 Supporting Information). These results are consistent with the idea that 3c binds to the α-helix binding site in the primed side of the active site of calpain and physically blocks substrate binding, and subsequently proteolysis, as predicted from the initial cocrystal data (Figure 1 ).
There has been considerable difficulty in achieving good selectivity within the papain superfamily of enzymes as these enzymes contain highly conserved active sites. 21, 81 To determine whether the helical inhibitor 3c was specific for calpain we tested it against a set of canonical papain family cysteine proteases including: papain, cathepsin B, and cathepsin L (Table 2, Figure S11 Supporting Information). Significantly, no inhibition (K i > 100 μM) was observed using the crosslinked peptide 3c against papain or cathepsin B. The inhibitor was about 4-fold more potent against calpain over cathepsin L (K i 39.9 ± 1.09 μM). These results indicate that this α-helical motif may represent a uniquely selective binding element for inhibition of calpains and further validates our structure-based approach. Furthermore, structure activity relationship studies of these helical inhibitors may result in a more potent and specific inhibitors of calpain and also shed some light on to how the calpastatin helix interacts with human calpains.
The cross-linking reaction was performed with the crosslinker c15 and the three peptides in aqueous buffer system. However, in instances where there are multiple cysteines, we . Lineweaver−Burke analysis shows that calpain inhibitor 3c to be a competitive inhibitor. Lineweaver−Burke plot was constructed from standard Michaelis−Menten kinetics. believe that solid-phase cysteine cross-linking could be useful for selective cross-linking. To this end, we tested on-resin crosslinking of the peptide 3c. Fmoc-Cys(Mmt)-OH (Fmoc = fluorenyl methyloxycarbonyl; Mmt = monomethoxytrityl) was used instead of Fmoc-Cys(Trt)-OH (Trt = trityl) and selective deprotection of specific cysteine side chains was achieved by 1% TFA/DCM (TFA = trifluoroacetic acid/DCM = dichloromethane) treatment while the peptide was still resin bound. 82, 83 (See the Materials and Methods.) The same kinetic results were achieved with resin cross-linked inhibitor.
On the basis of our initial success with a stabilized, α-helicalbased inhibitor of calpain, we next endeavored to develop an activity-based probe (ABP) specific for calpains. ABPs are complementary chemical tools to traditional genomic and proteomic techniques; ABPs are used for identification of enzymatic targets and to evaluate dynamics of enzyme activity regardless of levels of expression. 84−89 This is important because in many cases translation and transcription do not correlate with enzyme activity; 90 this is especially true for calpains as their proteolytic activity is finely regulated posttranslationally by intracellular calcium levels. Basic ABP design includes a mechanism based inhibitor, a specificity element, and a tag (Figure 8, top) . In this case, the cross-linked peptide 3c was used for the specificity element, and the succinyl epoxide functions as the warhead group that reacts with the cysteine thiol. This warhead has been established to react in a mechanism dependent manner only with active papain family proteases. 91 Three dipeptide linkers (NM-01, -02, and -03) of different lengths and rigidities were chosen via visual inspection in PyMOL 92 based on the crystallographic structure of calpastatin-bound calpain 2 (PDB code 3BOW). 21 Lastly, we chose to use either biotin or fluorescein isothiocyanate (FITC) as a tag.
We used three different amino acid sequences as linkers: alanine−alanine, β-alanine−alanine, and alanine−β-homoproline, (NM-01, NM-02, and NM-03, respectively) (Table S5 Supporting Information). NM-01 is the shortest linker by one carbon but has flexibility similar to that of NM-02. NM-02 and NM-03 should cover a similar distance between the helix and succinyl epoxide; however, the β-homoproline provides more rigidity than the β-alanine.
To evaluate the best linker, we initially tested biotinylated versions of either NM-01, -02, or -03 on purified, activated calpain-1 at two concentrations, 1 and 10 μM, and on unactivated calpain at 10 μM (Figure 8, bottom) . Each ABP was added to purified calpain (pH 7.0), followed by the addition of calcium to activate the enzyme. The probe was allowed to react for 20 min at room temperature. No calcium addition was used as a control to demonstrate that labeling only occurred with active calpain, and DCG-04, a pan-papain family cysteine protease ABP, 91 was used as a positive control as it is known to label calpains. Samples were analyzed by SDS PAGE electrophoresis; proteins were transferred to polyvinylidene difluoride (PVDF) membrane and analyzed by Western blot for biotin using streptavidin−HRP. Our results show that two ABPs, NM-02 and NM-03, labeled calpain in an activitydependent manner, which indicated that an extra carbon in the amino acid backbone of the linker was necessary for the epoxide to react with the active site cysteine (Figure 8 ). The intensity of the bands in the blot suggested that the use of the linker β-alanine−alanine resulted in the most potent probe (NM-02) (Figure 8, bottom) . The ABP with the alanine−β-homoproline linker (NM-03) also bound to calpain, but the rigidity in the linker induced by the pyrrolidine ring in homoproline may have contributed to less labeling. These results further support our hypothesis that the helix is binding at the active site as measurements of the probe visualized in PyMOL 92 show that a β-alanine−alanine linker would position the epoxide at the correct distance from the active site cysteine.
The presence of the succinyl epoxide warhead could reduce the specificity of the inhibitor due to its reactivity against most papain family active site cysteines. However, on the basis of the previous kinetic studies, we reasoned that if the cross-linked peptide bound to the enzyme followed by a covalent reaction between the warhead and the active site cysteine, the ABPs had a high probability of being specific for calpain despite the addition of this reactive warhead. To investigate the specificity of NM-02, we tested a FITC tagged NM-02 against calpain-1 and calpain-2, and a panel of papain family proteases including papain, cathepsin B, and cathepsin L (Figure 9 ). FITC−NM-02 was added in increasing concentrations to either papain, cathepsin B, or cathepsin L and allowed to react for 20 min at room temperature. Labeled enzymes were analyzed by SDS-PAGE and were visualized using a flatbed fluorescent scanner (Typhoon). We found that even at 10 μM, NM-02 did not bind to any of the other papain family cysteine proteases, which was in good agreement with the K i (Table 2) determined in the binding studies of the cross-linked peptide 3c. This further suggests that NM-02 is specific for calpain at concentrations that would be appropriate for protease labeling experiments.
CONCLUSIONS
In summary, we have demonstrated a simple screening of inexpensive, commercially available cross-linkers on an i, i + 4 double cysteine mutant peptide to identify the best cross-linker to stabilize an α-helix. We identified five cross-linkers that increase α-helical character. Out of these five cross-linkers, dibromo-m-xylene c15, reacted in a simple, one-pot reaction, both in solution and on solid-phase, with the cysteine side chain and best increased the helicity of the peptide.
We have also applied this helix stabilization method to mimic a protein−protein interaction between a protease and its endogenous protein inhibitor to create, to our knowledge, the first active site directed, α-helical inhibitor of a protease. Importantly, we demonstrate that this inhibitor shows good potency and high specificity for calpains over other highly similar cysteine proteases.
Last, we show that we can use the α-helical inhibitor as a scaffold to create an activity-based probe for examination of calpain activity. We determined that a β-amino acid is needed in the linker to bridge the gap between the helix and the active site cysteine. Furthermore it appeared that the ABP, NM-02, retained specificity for calpains over closely related cathepsin proteases. Given this specificity, we hope that these inhibitors and probes will allow for future studies of calpain function in multiple biological systems. We believe that the methodology used to stabilize this α-helical inhibitor will be another useful technique for α-helix stabilization for use in multiple biological applications.
MATERIALS AND METHODS
Cross-Linker Screen. To each well of a black round-bottomed 96-well plate (polypropylene) was added 90 μL of the stock solution [a peptide solution (0.114 mM) in NH 4 HCO 3 buffer (12 mL, 50 mM, pH = 8.0), treated with tris(2-carboxyethyl) phosphine (TCEP) (1 M solution in the same NH 4 HCO 3 buffer, 1.1 equiv) at room temperature (rt) for 1 h]. Then 10 μL of the freshly prepared alkylating agent solution (1.5 mM in anhydrous N,N-dimethylformamide (DMF), 1.5 equiv) was applied to the well at rt and stirred for 2 h under protection from light. MALDI spectra were taken to monitor reaction progress, and more alkylating agent was added if needed. The reaction was quenched by addition of 5% HCl which resulted in acidic conditions (pH = 3−4). If necessary, 100 μL of ether was added to dissolve the excess reagent and organic byproducts into the organic layer. The ether layer could be removed by pipetting. MALDI spectra were taken from the sample in the remaining aqueous solution mixture.
"Selection of the Fitness" Screen. Screens were performed in 1.5 mL microcentrifuge tubes. One milliliter of the stock peptide solution (1 mM) in NH 4 HCO 3 buffer (50 mM, pH = 8.0) was pretreated with TCEP as described above and incubated for 1 h. Then, 100 μL of the concentrated alkylating agent solution (250 mM or saturated solution in anhydrous DMF) was added and shaken for 2 h under protection from light. The reaction was quenched by the addition of 5% HCl which resulted in acidic conditions (pH = 3−4) and was purified by reverse-phase HPLC.
Cross-Linking with the Unpurified Peptide. The lyophilized crude peptide solution (∼3−5 mg/mL) in NH 4 HCO 3 buffer (100 mM, pH = 8.0) was treated with TCEP (1.5 equiv) and stirred for 1 h. The alkylating agent in DMF (∼3 equiv) was added to the solution and shaken for the 2 h. The reaction was quenched by adjusting the pH of the mixture to slightly acidic conditions through the addition of 0.5 N HCl or TFA. The crude mixture was either purified by HPLC or lyophilized for the next step.
Preparation of Cross-Linked Peptides 3c from Model Peptide 3c by Solid-Phase Peptide Cross-Linking. The uncross-linked peptide 3c was similarly prepared on the CLEAR Rink Amide MBHA resin using the standard Fmoc peptide synthesis protocol (see Supporting Information). Fmoc-Cys(Mmt)-OH was used for cysteine for ease of deprotection. After the final coupling and cooling down to room temperature, the resin was washed with Nmethyl-2-pyrrolidinone (NMP) (×3) and DMF (×3) followed by DCM (×3). The resin was then treated with 1% TFA solution in DCM for 10 min and then washed with DCM. This process was repeated until the solution lost its yellow color, which indicated the complete removal of the Mmt protecting group. Then, the resin was washed with hexane and dried. After reswelling in DMF, a solution of α,α′-dibromo-m-xylene (2 equiv) in DMF and N,N-diisopropylethylamine (DIPEA) (4 equiv) was added. Alternatively, the resin was reswollen in NH 4 HCO 3 buffer (pH = 8.0, 100 mM) for 1 h, and then a solution of α,α′-dibromo-m-xylene (5 equiv) in a minimal volume of DMF was added. The solution was stirred for 3 h at room temperature. The solvent was then removed, and the resin was washed thoroughly with DMF. The Fmoc group on the N-terminus was removed by treatment with 20% piperidine in DMF and acetylated by Ac 2 O and DIPEA. The cleavage/deprotection was done using TFA/thioanisole/EDT/anisole (90:5:3:2). The crude mixture was purified by reverse-phase HPLC.
CD Spectroscopy. Peptide solutions were prepared at ∼50 μM in 50 mM phosphate buffer (pH 7.0) without TFE. The molar concentration of the peptide determined was by the weight (after lyophilization of the HPLC fractions) with consideration for molecular weight increase due to the presence of TFA salt for basic residues (Lys, Arg) as well as hydration (average 10%). Concentrations of the uncross-linked peptides were determined by absorbance of Tyr residue at 280 nm with an extinction coefficient of 1280 M −1 cm −1 . 93 CD studies were conducted at 25°C on a JASCO J-810 spectropolarimeter equipped with a Peltier temperature control unit.
NMR Spectroscopy. The peptide sample was prepared with peptide concentrations of 2 mM in 0.6 mL of 9:1 v/v water/D 2 O mixture in 50 mM sodium phosphate, pH 5.5. All spectra were recorded at 10°C on a Bruker Avance III 500 MHz spectrometer equipped with a cryogenic probe. All 2D homonuclear spectra were recorded with standard pulse sequences. 94 Spectra were processed and analyzed using the programs nmrPipe 95 and XEASY, 96 , respectively (see Supporting Information).
Protease Activity Assays. Peptides were evaluated for ability to bind and subsequently inhibit the cysteine proteases using standard proteolytic fluorescence activity assays. Inhibition was assayed using a standard donor−quencher strategy using a previously published peptide substrates. 14, 97, 98 Enzyme concentration for calpain-1 was 25 nM. Enzyme concentration for papain was 25 nM. Enzyme concentrations for cathepsin B and cathepsin L was 3 nM. Calpain and papain buffer contained 10 mM dithiothreitol (DTT), 100 mM KCl, 2 mM ethylene glycol tetraacetic acid (EGTA), 50 mM Tris-HCl (pH 7.5), and 0.015% Brij-35. Substrate concentration for calpain and papain was Figures S8 and S10) . 14, 97, 98 Cathepsin buffer contained 10 mM DTT, 500 mM sodium acetate (pH 5.5), and 4 mM EGTA. 14, 97, 98 Substrate concentration for the cathepsins was 0.25 μM Z-FR-Amc (Z = carboxybenzyl; FR = Phe-Arg; Amc = 7-amino-4-methyl coumarin). Calpain was activated by the injection of CaCl 2 to a final concentration of 5 mM. Papain and cathepsin assays were activated by the addition of the substrate via a multichannel pipet. Varying concentrations of inhibitor, 1−100 μM, were used for each assay. All assays were done at a total well volume of 100 μL in 96-well plate, and each well contained a separate inhibitor concentration. Fluorescence was read in a Berthold Tri-Star fluorimeter. The excitation wavelength was 380 nm, and the emission wavelength was 500 nm for H-Glu(Edans)-Pro-Leu-Phe-Ala-Glu-Arg-Lys(Dabcyl)-OH. The excitation wavelength 351 nm and emission wavelength was 430 nm for Z-FR-Amc.
Kinetic Analysis of Calpain-1 by 3c. To identify inhibition type we used standard Michaelis−Menten treatment. Initial velocities (obtained from the linear segment of the progress curves) were plotted against substrate concentration.
99 Due to the linearity of the first segment of the progress curve we believe that autoproteolysis during the first 500 s was not substantial enough to prevent the use of simple Michaelis−Menten kinetics; i.e. loss of enzyme did not change the velocity enough to cause it to deviate from linearity, and incorporation of this additional complex would severely complicate the kinetics. Velocities were determined in relative fluorescence units per second (RFU/s) and then converted to μM/s using the conversion factor 1386 RFU/μM. The conversion factor was obtained by the total hydrolysis of the substrate H-Glu(Edans)-Pro-Leu-Phe-Ala-Glu-ArgLys(Dabcyl)-OH in a known concentration by papain. To avoid weighting errors we used the values of K m app and V max app determined directly from the nonlinear least-squares best fits of the untransformed data and put these values into the reciprocal equation: 99 We then plotted the resulting reciprocal velocities against the respective reciprocal substrate concentrations. Determination of IC 50 against Enzymes. IC 50 curves were generated by identifying the initial rate of the enzyme at each inhibitor concentration from the respective progress curves. The conversion factor (1386 RFU/μM) was obtained by the total hydrolysis by papain of the substrate, H-E(Edans)-PLFAER-K(Dabcyl)-OH, in a known concentration. Initial velocities were converted from RFU/s to μM/s. Fractional activity was calculated by dividing the initial velocity at each inhibitor concentration by the initial velocity of the uninhibited enzyme. Data obtained up to 500 s was used for the initial rate calculation. The initial rate was then plotted against the log of the inhibitor concentration, and IC 50 was calculated by GraphPad Prism.
Activity-Based Probe Linker Experiments. Experimental conditions included 10 mM dithiothreitol (DTT), 1.5 μg calpain, 100 mM KCl, 2 mM EGTA, 50 mM Tris-HCl (pH 7.5), 0.015% Brij-35, and either 1 μM or 10 μM of biotinylated probe (DCG-04, NM-01, NM-02, or NM-03). Calpain was activated by the addition of calcium (3.33 μM of 50 mM CaCl 2 ) to a final concentration of 8.3 mM in tubes containing either 1 μM or 10 μM ABP. For the negative control, water, instead of CaCl 2 , was added to the calpain solution containing 10 μM probe. Probes were allowed to bind to the calpain for 20 min at room temperature. The reaction was stopped by the addition of 10 μL NuPage LDS Running Buffer (Life Technologies, Grand Island, NY). Ten microliters of each labeled enzyme was loaded on a 10% Bis-Tris NuPAGE gel (Life Technologies, Grand Island, NY) and separated via gel electrophoresis for 1.5 h, 140 V. The bands were then transferred to a PVDF membrane at 30 V for 70 min. The membrane was blocked and blotted using the Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA). Kodak film was exposed to the membrane and developed.
ABP Labeling Experiments. Buffer conditions for calpain and papain experiments were 10 μM DTT, 100 mM KCl, 2 mM EGTA, 50 mM Tris-HCl (pH 7.5), and 0.015% Brij-35; 1.5 μg of calpain-1 or 6 of μg calpain-2 (calpain-2 was not as active) was used. (For labeling experiments, greater concentrations of enzyme were used for ease of visualization of the enzyme on stained gels.) Buffer conditions for cathepsin experiments were 10 μM DTT, 500 mM sodium acetate (pH 5.5), and 4 mM EGTA; 1.5 μg of each cathepsin was labeled. 14, 97, 98 Probes were allowed to bind for 20 min at room temperature. Labeled enzymes were separated via gel electrophoresis on 10% (calpain, papain) or 12% (cathepsins) Bis-Tris NuPAGE gels for 1 h, 140 V. A Typhoon Fluorescent Imager was used for FITC visualization of the probe-bound enzyme. Following fluorescent scanning the gels were colloidal blue stained (calpain-1 and calpain-2) or silver stained (papain, cathepsin B, and cathepsin L) to demonstrate that the same amount of enzyme had been used in all lanes (see Supporting Information).
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